Introduction
the human aurora kinase family consists of three highly conserved serine/threonine protein kinases, designated a, B, and C (lok et al. 2010) . aurora a and B are ubiquitously expressed and involved in cell proliferation in many cell types, while aurora C is commonly found in testicular tissue and does not regulate mitosis in somatic or tumor cells lok et al. 2010; shimomura et al. 2010) . the biology of aurora kinases is still in its infancy, particularly with regard to their mechanism of action, as the identification of their substrates and correlating function is ongoing (sardon et al. 2010) . generally, aurora kinases serve as key regulators of mitotic events such as centrosome maturation/separation, mitotic entry, microtubule spindle assembly, chromosome assembly/ segregation, mitotic checkpoint activation, and cytokinesis (lok et al. 2010; Carvajal et al. 2006; Marumoto et al. 2005) . Dysfunction of aurora kinases can cause polyploidy and chromosomal instability, a contributor to tumorigenesis. Inhibition or depletion of aurora a has been shown to result in chromosome misalignment, and consequently, the accumulation of cells in g2/M phase 1 3 and depleted levels of aurora B leads to polyploidy (shimomura et al. 2010; lok et al. 2010) . such inhibitory effects on cell viability as well as evidence linking overexpression to malignancy have made both aurora a and B attractive anticancer drug targets (Carvajal et al. 2006) . aurora a expression in tumors is often associated with poor histological differentiation and poor prognosis (Barr and gergely 2007) . Compared to aurora B, aurora a has been more consistently implicated in tumorigenesis as its over-expression is often linked to an amplification of chromosome 20q13.2 encoding the aURKa gene (gautschi et al. 2008; lok et al. 2010) . the role of aurora B in tumorigenesis is less clear, and while typically not amplified in tumors, studies now suggest the involvement of additional factors associated with aurora B in the process of malignant transformation (lok et al. 2010; gautschi et al. 2008; Kanda et al. 2005) . For instance, in one study, elevated aurora B activity facilitated Ras-mediated cell transformation by enhancing oncogenic signaling and promoting aneuploidy (Kanda et al. 2005) . aurora a and B have been evaluated preclinically as therapeutic targets in various tumor types including bladder, breast, colon, liver, lung, ovary, and pancreas (lok et al. 2010; Carvajal et al. 2006) . the early clinical development of small molecular inhibitors of aurora kinases initially targeted all three subtypes to varying degreeshesperidin primarily inhibits aurora B, ZM447439 targets both aurora a and B, and VX680 (MK-0457) inhibits all three aurora subtypes (Barr and gergely 2007; lok et al. 2010; Carvajal et al. 2006 ). these agents have been shown to cause phenotypes associated with aurora B inhibition, such as diminished levels of phosphorylated histone h3 (p-hh3) on serine 10, inhibited cytokinesis, polyploidy, and apoptosis in cell-based assays (Carvajal et al. 2006) . VX680 was the first compound to be clinically evaluated in patients with previously treated solid tumors and hematological malignancies. although it reached phase II, studies were discontinued due to treatment-related cardiac toxicities (Carvajal et al. 2006; lok et al. 2010; gautschi et al. 2008; Bebbington et al. 2009 ). a new class of orally available and selective molecular inhibitors was led by the development of Mln8054 and subsequently alisertib (Mln8237), both selective aurora a inhibitors that showed promising antitumor activity in vitro and in vivo (gautschi et al. 2008; gorgun et al. 2010) . Recently, a phase III trial of Mln8237 was initiated in patients with relapsed or refractory peripheral t cell lymphoma (Pai and albaugh 2012) .
another highly selective aurora a kinase inhibitor with potent antitumor activity is MK-5108 (aka VX-689). MK-5108 can selectively inhibit aurora a and the proliferation of cultured human tumor cell lines (breast, cervix, colon, ovary, pancreas) and xenograft tumors (shimomura et al. 2010) . When used in combination with docetaxel, MK-5108 enhanced its antitumor activity in vivo without increasing toxicity (shimomura et al. 2010) . MK-5108 was also found to enhance lymphoma cell death when used in combination with the histone deacetylase inhibitor vorinostat in vitro (Kretzner et al. 2011 ). a phase I doseescalation and pharmacodynamic trial was completed in 2011 for MK-5108 as monotherapy and in combination with docetaxel in patients with advanced and/or refractory solid tumors (Minton et al. 2010) . stable disease was observed in seven patients on monotherapy and four on combination therapy, and partial response was noted in two patients receiving the combination (Minton et al. 2010) .
given shimomura et al.'s in vitro findings of MK-5108's potent activity as a single agent and synergistic interaction with docetaxel, we hypothesize that this agent will have a similar effect in lung cancer. the location of aurora a's chromosomal locus (20q13.2) is a region identified as one of the most frequent genetic aberrations in lung cancer, suggesting that it may be involved in lung cancer tumorigenesis (gu et al. 2007) . Previous studies report non-smallcell lung cancer (nsClC) histological subtypes showed different levels of aurora a over-expression at both transcript and protein levels (lo Iacono et al. 2011) . aurora a expression was significantly up-modulated in moderately and poorly differentiated lung cancers, specifically in squamous and large cell carcinomas (lo Iacono et al. 2011) . In this study, we evaluate the in vitro anticancer activity of MK-5108 in a panel of eleven nsClC cell lines as a single agent and in combination with the standard lung cancer chemotherapies cisplatin and docetaxel.
Methods
Cell lines and reagents eleven nsClC cell lines from american type Culture Collection (Manassas, Va) were studied: a427, a549, Calu-1, h358, h460, h727, h1355, h1650, h1666, h1975, and hCC827 (Online Resource 1). they were maintained at 37 °C in 5 % CO 2 in RPMI 1640 medium (gibco, grand Island, nY) supplemented with 1× penicillin/streptomycin, 1× l-glutamine, 1× MeM vitamin solution (Invitrogen, Carlsbad, Ca), and 10 % heat-inactivated fetal bovine serum (FBs) (JR scientific, Inc., Woodland, Ca). gMPgrade MK-5108 aurora a kinase inhibitor was provided by Merck, Inc. (Whitehouse station, nJ, Usa). the drug was dissolved in dimethyl sulfoxide and stored at −20 °C in 10 mM stock aliquots and further diluted in RPMI media for in vitro study. Infusion-grade cisplatin and docetaxel were also diluted in media before use.
growth inhibition assays

Short-term MTT
Cells were seeded at 1 × 10 3 -4 × 10 3 cells/well in 96-well flat-bottom plates and allowed to attach overnight prior to treatment. Cells were treated with MK-5108 for 72 h (0.01-20 µM) in six replicates including an untreated control. Cells were then assayed by Mtt (sigma-aldrich, st. louis, MO) according to the manufacturer's protocol, and dose-response curves for triplicate experiments were generated via Prism software (graphPad, la Jolla, Ca) to assess 50 % inhibitory concentration (IC 50 ) values.
Long-term MTT
to further determine the anti-proliferative effect following treatment, cells were seeded in 24-well plates at 1 × 10 3 -4 × 10 3 cells/well and treated 24 h later with MK-5108 (0.031-0.625 µM) for 72 h. the drug was subsequently washed out, and cells were further incubated in fresh media for various durations (due to inherent differences in growth rate) to allow for repopulation: 4 days for a549, Calu-1, h460, h727, and h1975; 5 days for hCC827 and h1650; 6 days for h1355; 7 days for a427 and h1666; and 10 days for h358. Cell density was assessed by Mtt when the untreated control approached confluence. Dose-response curves for triplicate experiments were generated to assess IC 50 values.
Flow cytometry
to assess cell cycle effects following single-agent treatment with MK-5108, cells were seeded in 100-mm dishes (1.5 × 10 5 -5 × 10 5 cells) and treated at 0.4 µM for 6, 12, 24, 48, and 72 h, after which time they were harvested and stored at −20 °C until staining with propidium iodide (Roche, Indianapolis, In) as described previously (Chinn et al. 2012) . Cell lines used to assess apoptosis via sub-g1 content for the MK-5108 + docetaxel combination were treated for 24 h at 0.5 µM MK-5108 and 1 nM docetaxel. Cellular Dna content was measured by a Becton-Dickinson FaCscan and CellQuest software (BD Biosciences, san Jose, Ca). Cell cycle distribution, sub-g1, and polyploidy populations were analyzed and quantified using Flowing software (turku Centre for Biotechnology, turku, Finland).
Cell synchronization for mitotic accumulation
to analyze the protein levels of aurora a and its substrates, a single thymidine block followed by release into nocodazole was used to synchronize cells and trap them in mitosis.
Cells were initially plated in 2-mM thymidine-containing RPMI media, incubated for 17 h, washed twice with 1× PBs, and incubated in fresh media for 3 h for release. the media was then replaced by 100 ng/ml nocodazole-containing RPMI, and cells were incubated for 24 h. Rounded cellular morphology indicated the presence of mitotic cells.
Immunoblotting a time course experiment was conducted in unsynchronized cells to evaluate the targeted effect of MK-5108 treatment at 0.4 µM over time and to correlate aurora a and p-hh3 levels with g2/M accumulation as observed by flow cytometry. the representative cell lines, h1975, h460, h1335, and Calu-1 were plated at 2 × 10 6 -3.5 × 10 6 in 150-cm 2 dishes and treated for/harvested at the follow times: 6, 12, 24, 72 h. as previously described (Chinn et al. 2012) , sDs-Page was performed with 72 µg of protein per sample. levels of phosphorylated aurora a (p-aur-a) (th288) (C39D8, #3079), aurora a/aIK (1g4, #4718), p-hh3 (ser10) (D2C8, #3377), and histone h3 (D1h2, #4499) (Cell signaling technology, Danvers, Ma) were determined. β-actin (aC-74, #a2228) (sigma-aldrich) was used as a loading control.
For PaRP (F-2 sc-8007, santa Cruz Biotechnology, santa Cruz, Ca) cleavage analysis, cells exhibiting high sub-g1 content were plated at a concentration of 5 × 10 5 -1.2 × 10 6 in 100-mm dishes, treated with 0.4 µM MK-5108, and harvested after 6, 24, and 72 h of exposure.
to assess the targeted activity of MK-5108, h460, and Calu-1, cells were plated at 1 × 10 6 -4 × 10 6 cells in 150-cm 2 dishes according to the synchronization protocol described previously. Following the 24-h nocodazole exposure, cells were treated with MK-5108 at 0.25, 0.5, and 1 µM for 1 h and harvested. Unsynchronized and synchronized untreated controls were included. sDs-Page was performed with 35-70 µg of protein per sample, and levels of p-aur-a and the aurora a substrates, p-taCC3 (ser558) (D8h10, #8842), and p-Plk1 (thr210) (#5472) (Cell signaling technology, Danvers, Ma) were determined.
For combination treatment studies, h460 and a549 cells (unsynchronized) were plated and treated 24 h later with 0.5 µM MK-5108 and 1 nM docetaxel as single agents and in combination. Cell line samples were harvested following 24 and 72 h of exposure and evaluated for PaRP cleavage.
Combination therapy study to assess the interaction of MK-5108 with either cisplatin or docetaxel, median effect analysis was used (Chou and talalay 1984) . Cells were seeded in 96-well plates at 1 × 10 3 -5 × 10 3 cells/well and concurrently exposed to MK-5108 and cisplatin/docetaxel for 72 h. single-agent doses and combination treatments with both agents were performed based on singleagent IC 50 values (x) fixed to a constant ratio (0.25x, 0.5x, 1.0x, 2.0x). the cell linespecific IC 50 doses (1x) ranged from 0.25 to 10 µM for MK-5108, 2.5-10 µM for cisplatin, and 2.5-80 nM for docetaxel. triplicate wells were used for single-agent treatment controls and six replicates for combination treatments and the untreated control. surviving cell populations were quantified by Mtt, and combination indexes (CI) were generated.
the MK-5108 + docetaxel combination was further explored in another cell proliferation assay using a fixed MK-5108 dose (0.5 µM) and a dose range of 0.25-20 nM docetaxel for the combination and single-agent docetaxel control. Cell lines were treated for 72 h and quantified by Mtt. Dose-response curves were generated. sequenced treatment schedules were performed for the MK-5108 + docetaxel combination to compare their antiproliferative efficacy with that of concurrent treatments. h460 and Calu-1 cells were plated at 6 × 10 3 -8 × 10 3 cells per 35-mm dish. Cells were treated with MK-5108 (0.1 µM) for 24 h, docetaxel (0.75 nM) was added to the media for another 24 h, and the treated media was removed at 72 h from the time of the first drug addition. Cells were incubated in fresh media for an additional 72 h (until the untreated control approached confluence), at which time the remaining viable cell population was quantified by Mtt. the same procedure was conducted for the drug sequence of docetaxel first followed by MK-5108. Concurrent treatment and single-agent controls were included.
Comparative plots of relative growth were generated.
statistical analysis all data were analyzed following a minimum of triplicate experiments. Prism software (graphPad, la Jolla, Ca) was used to generate all plots and conduct one-way analysis of variance (anOVa) and multiple comparison posttests (tukey's). Using median effect analysis as originally described by Chou and talalay (Chou and talalay 1984) , CI values were formally generated with Calcusyn software (Biosoft, Cambridge, UK) to determine whether the combination treatments were synergistic (CI < 1). eD 50 and eD 75 values were reported.
Results
anti-proliferative activity of MK-5108 in nsClC cell lines
We evaluated the single-agent anti-proliferative activity of the novel aurora a kinase inhibitor MK-5108 in a panel of eleven nsClC cell lines using a short-term and longterm growth inhibition assay. Baseline expression levels of total and phosphorylated aurora a in unsynchronized, log-phase cells are shown in Fig. 1a . all of the cell lines tested demonstrated sensitivity to varying degrees following MK-5108 treatment in 72-h Mtt assays with IC 50 values ranging from 0.25 µM to greater than 10 µM (Fig. 1b) . the h358, h1355, and h460 cell lines were most responsive to treatment (IC 50 ≈ 0.25 µM), whereas the a427, h1666, h1975, and a549 cell lines were moderately sensitive (IC 50 ≈ 0.625-2.5 µM). the Calu-1, hCC827, h1650, and h727 cell lines required a concentration of 10 µM or greater to achieve an IC 50 . no immediate correlations were apparent between expression of aurora a and response to MK-5108. a key element in assessing agent efficacy is the ability of cells to recover and repopulate after removal of the drug. We therefore used a long-term growth assay to further define the anti-proliferative effect of MK-5108. Cells were treated for 72 h with continuous exposure to MK-5108 (0.031-0.625 µM) followed by a drug-free incubation period. all of the cell lines tested demonstrated sensitivity at nanomolar doses (0.13 to greater than 0.8 µM) much lower than those used in the short-term assay (Fig. 1c) . a427 cells responded with the greatest sensitivity to MK-5108, while hCC827 was the least responsive of the panel (Fig. 1c) . Most of the cell lines performed similarly in degrees of sensitivity among the short-and long-term assays. the cell lines that appeared to be less responsive (h727, h1650, hCC827, and Calu-1) in the short-term assay showed delayed re-growth and lower IC 50 values in the long-term assay (Fig. 1b, c) .
Cell cycle effects of MK-5108
Cell cycling analysis via flow cytometry (Fig. 2a) was performed on the cell line panel following treatment with 0.4 µM MK-5108. Polyploid cell populations and sub-g1 content were examined (Figs. 2b, 3 ). g2/M phase accumulation was evident in all cell lines by 6 h. In hCC827 cells, g2/M accumulation appeared to peak prior to the 12-h time point (Fig. 2a) . three cell lines (a549, h1975, and h358) exhibited the greatest g2/M accumulation at 12 h, while Calu-1, h460, and a427 cells required 24 h; however, reentry into the cell cycle for these six cell lines was evident by 72 h. h1666, h1355, and h727 cell lines showed a gradual increase in g2/M accumulation through 48 h, while h1650 cells appeared to remain in g2/M over the 72-h period (Fig. 2a) .
Polyploidy was assessed by quantifying the cellular subpopulation with greater than 2n Dna content. For the majority of the cell lines, the increase in polyploidy was significant over time relative to the untreated cells (Fig. 2b) . a427, one of the most sensitive cell lines, exhibited the largest increase following treatment with 0.4 µM MK-5108 at 48 and 72 h, the time at which cells also begin to reenter the cell cycle (Fig. 2a, b) . this pattern is also evident in the hCC827 and h460 cells (Fig. 2a, b) . the relatively constant population of polyploid cells for h1975 may be inherent (P = 0.3862), while h727 did not show a significant increase, possibly due to its innately slow growth rate (Fig. 2b) .
apoptotic effects of MK-5108 MK-5108-induced apoptosis was measured by sub-g1 content and PaRP cleavage. anOVa tests indicated a significant difference in sub-g1 Dna content over time and relative to the untreated in the majority of the cell lines (Fig. 3a) , especially in a427, h460, h1355, and h358. Multiple comparisons in post-test showed a significant increase in sub-g1 content by the 72-h time point in all cell lines except h727, which was less responsive to treatment. PaRP cleavage was also evident by 72 h in the cell lines tested (Fig. 3b) .
targeted activity of MK-5108 as aurora a kinase activity is dependent on autophosphorylation at threonine 288 (littlepage et al. 2002; satinover et al. 2004) , we evaluated the effect of 0.4 µM MK-5108 on p-aur-a levels in addition to p-hh3, an indicator of mitotic cells, over a 72-h time period (goto et al. 2002) . Four unsynchronized cell lines (h460, Calu-1, h1975, h1355) were selected for this evaluation Fig. 1 (Fig. 4a) . Immunoblots showed little to no p-aur-a levels at any of the time points compared to the synchronized untreated positive control (data not shown), thereby indicating the need for cell synchronization to detect p-aur-a. treatment with MK-5108 induced a timedependent increase in aurora a expression (Fig. 4a ) in a pattern consistent with the g2/M accumulation observed in Fig. 2a , peaking at 12-24 h in h460, Calu-1, and h1975, and by 72 h in h1355. this effect was also evident in p-hh3 expression (Fig. 4a ) due to the increase in mitotic cells as a result of aurora a inhibition .
to assess the ability of MK-5108 to inhibit the activation and function of aurora a in nsClC cells, h460 and Calu-1 cells were synchronized (by thymidine), trapped in mitosis (by nocodazole), and treated with MK-5108 at doses of 0.25, 0.5, and 1 µM. Figure 4b indicates diminished p-aur-a in both treated synchronized cell lines compared to the untreated (synchronized) control. We further validated target inhibition by evaluating downstream effects of MK-5108 treatment at the same three doses by examining phosphorylation levels of the aurora a substrates taCC3 (ser558) and Plk1 (thr210) (Fig. 4b) , which have been found to be highly expressed in nsClC (Jung et al. 2006 ; Wolf et al. 1997) . taCC3 is a mitotic protein that modulates microtubule stabilization at the spindle poles while Plk1 regulates mitotic progression. Both are dependent on aurora a for activation Macurek et al. 2008; lu and Yu 2009; Yao et al. 2012 ). P-taCC3 was consistently diminished at all three MK-5108 doses, whereas p-Plk1 diminished in a dose-dependent fashion (Fig. 4b) .
Combinatorial effects of MK-5108 and chemotherapeutic agents
Combination studies of MK-5108 with cisplatin and docetaxel were conducted on the nsClC cell line panel. Cells were exposed to single-agent doses and to four concurrent treatments of MK-5108 and cisplatin or docetaxel based on the single-agent IC 50 values (x) fixed to constant ratios (0.25x, 0.5x, 1x, and 2x) over a 72-h period. CI values for the concurrent treatments were formally generated via Calcusyn. Following the MK-5108 and cisplatin combination, the h1975 cell line demonstrated synergistic activity at the eD 50 (CI < 0.9), while the remaining 10 cell lines performed additively or sub-additively for the combination (Online Resource 2). the MK-5108 and docetaxel combination, however, exhibited greater synergy when comparing the CI values (Online Resource 3). seven cell lines, which were relatively sensitive to single-agent MK-5108, possessed a CI <1 for an eD 50 (Online Resource 3). a549 cells responded more synergistically at the eD 75 , and the hCC827 cell line, which had minimal response to MK-5108 alone (Fig. 1) , was synergistic at both the eD 50 and eD 75 (Online Resource 3). to better evaluate the efficacy of the MK-5108-docetaxel drug combination, we treated the cell lines concurrently for 72 h with a fixed dose of 0.5 µM MK-5108 and a range of 0.25-20 nM for docetaxel. as seen in Fig. 5a , the concurrent combination treatment synergistically enhanced cell growth inhibition between 0.5 and 2 nM for most cell lines (except for h727; h358 data not shown) compared to the single-agent treatments. Beyond this dose range, the combination performed similarly to docetaxel alone.
to assess the cytotoxicity of combined treatment, h460 and a549 cells were treated with 0.5 µM MK-5108 and 1 nM docetaxel as single agents and concurrently for the combination. Flow cytometry and immunoblotting analysis showed enhanced apoptosis of combined treatment compared to the single-agent treatments as indicated by nized cells were treated for 1-h at three doses. P-aur-a levels diminished (note: boxed band indicates aurora a position) at all doses while total aurora a and Plk1 decreased dose-dependently. P-taCC3 reduction was also evident elevated sub-g1 content and PaRP cleavage at 24 h posttreatment for both cell lines (Fig. 5b, c) .
We then tested whether a sequenced drug treatment schedule (at sub-IC 50 value doses) was more effective than concurrent drug treatment using the long-term growth inhibition assay (Fig. 6a) . T tests indicated a significant difference between the drug treatment sequences (Fig. 6b) . For both h460 and Calu-1 cells, treatment with docetaxel for the first 24 h followed by MK-5108 exhibited greater sustained growth inhibition (h460 ≈ 32 %, Calu-1 ≈ 69 % cells remaining) than treatment with MK-5108 followed by docetaxel (h460 ≈ 45 %, Calu-1 ≈ 98 %) (Fig. 6b) . Between the two cell lines, h460 was more sensitive to treatment with docetaxel first (Fig. 6a) . however, concurrent treatment of MK-5108 and docetaxel demonstrated greater sustained growth inhibition (h460 ≈ 20 %, Calu-1 ≈ 56 %) than either sequencing scheme in both cell lines (Fig. 6a) .
Discussion
the aim of the present study was to evaluate the preclinical efficacy of the selective aurora a inhibitor MK-5108 in a panel of nsClC cell lines as a single agent and in combination with lung cancer chemotherapies cisplatin and docetaxel. In most of the cell lines tested, MK-5108 treatment resulted in sustained cell growth inhibition at nanomolar doses, increased cell death, accumulation of cells in g2/M, inhibition of aurora a activity, and increased histone h3 phosphorylation, consistent with studies on MK-5108 in other cancer cell types and the activity of previous aurora a-selective inhibitors (Manfredi et al. 2007; gorgun et al. 2010; shimomura et al. 2010; shan et al. 2012) . the varying sensitivities to MK-5108 observed in the nsClC cell lines did not appear to correlate with cell line-specific basal aurora a levels. however, it should be noted that aurora a expression is highly dependent on cell cycle progression in all nsClC lines we examined, and thus, aurora a expression in unsynchronized cells is likely a reflection of relative g2/M phase accumulation. Off-target effects were previously evaluated, and MK-5108 was confirmed to have high selectivity for aurora a over 233 other protein kinases (shimomura et al. 2010) . aurora a expression alone may merely be insufficient as a biomarker for MK-5108 drug sensitivity. Other studies have also reported either limited or no correlations between aurora a/B inhibitor sensitivity and aurora protein levels alone (hook et al. 2012; Vidarsdottir et al. 2012; Chen et al. 2013) . In breast cancer cells, it was reported that only a combination of high aurora a and B levels, BRCa2 mutation, and p53 defects exhibited greater sensitivity toward aurora inhibition by ZM447439 (Vidarsdottir et al. 2012) . additional molecular factors that influence sensitivity and resistance to MK-5108 and other aurora kinase inhibitors are yet to be identified. a recent study implicated tPX2, a co-activator of aurora a as a therapeutic biomarker for . a Concurrent treatment with both drugs still appears to induce the greatest sustained growth inhibition than either sequential treatment in h460 and Calu-1 cells. b these graphs are derived from those in part (a). treatment with docetaxel for the first 24 h followed by MK-5108 the next day was more effective in both cell lines as indicated by the significant difference in relative growth MK-8745, also an aurora a inhibitor, in non-hodgkin lymphoma (Chowdhury et al. 2012) . Downstream factors of aurora a may serve as better potential markers of drug sensitivity. the status of the tumor suppressor p53, a substrate of aurora a, has been reported to affect cell fate in colon cancer cells following treatment with MK-8745 (nair et al. 2012) . aurora a inhibition curtailed cell growth overall, yet induced apoptosis (wild-type p53) or polyploidy (null/mutated p53) depending on cellular p53 status (nair et al. 2012) . the majority of our nsClC cell line panel harbors p53 defects. Further validation of MK-5108 target inhibition of aurora a was conducted via examining aurora a substrates taCC3 and Plk1. taCC3 is a mitotic protein involved in the organization and stabilization of microtubules at the spindle poles and is dependent on aurora a for phosphorylation at serine 558 and localization to the centrosomes ). Plk1 is a kinase that regulates mitotic progression and requires phosphorylation at threonine 210 by aurora a to promote mitotic entry (Macurek et al. 2008; lu and Yu 2009) . We observed diminished levels of p-taCC3 and dose-dependent reduction of p-Plk1 in the treated cell lines. Both taCC3 and Plk1 have also been implicated as cancer therapeutic targets (Plk1 inhibitors have been evaluated) as studies have shown that depletion of these critical mitotic proteins leads to in vivo tumor regression via mitotic arrest and consequent apoptosis (Yao et al. 2012; lu and Yu 2009) . elevated levels of these substrates have also been previously detected in nsClC, and taCC3 was reported as a potential prognostic marker since its expression was found to correlate with p53 expression (Wolf et al. 1997; Jung et al. 2006) . Further studies exploring the interaction between aurora a and these substrates in lung cancer could provide a better understanding for biomarker validation and potential combination studies with inhibitors of these targets. the different cell cycle effects observed in the nsClC cell lines, namely a transient or gradual mitotic accumulation over time was also noted in a study of uterine leiomyosarcoma cell lines treated with MK-5108 (shan et al. 2012) . Our data showed that following 72 h of treatment with MK-5108 at nanomolar doses, sustained growth inhibition was achieved, which may suggest that cells that were able to escape mitotic arrest at this juncture may not be viable due to chromosomal instability. this effect (mitotic slippage) was best observed in the a427 cells which exhibited a marked increase in polyploidy and cell death concomitantly with cell cycle reentry. Mitotic slippage and resulting multi-nucleation may either lead to cell death through apoptotic or non-apoptotic mechanisms or merely senescence (Blagosklonny 2007) . We observed mitotic slippage and increased cell death to a lesser extent in the h460, h358, and hCC827 cells. alternatively, cells may also die during mitotic arrest via apoptosis possibly due to depletion of short-lived anti-apoptotic proteins (Blagosklonny 2007) , which may explain the progressive g2/M increase (h1355 cells) or prolonged g2/M arrest (h1650 cells) accompanied by increased sub-g1 content in our results.
With regard to anti-mitotic therapeutic strategies, past preclinical studies have indicated that MK-5108 can enhance the activity of chemotherapies, particularly the taxanes (lok et al. 2010; hata et al. 2005; tanaka et al. 2007; Mazumdar et al. 2009; Bartz et al. 2006) . these microtubule-targeted agents have been shown to be more biologically potent with aurora a inhibition due to the activation of the spindle assembly checkpoint and prolonged mitotic arrest thereby enhancing apoptosis (green et al. 2011; Mazumdar et al. 2009 ). While we observed limited synergy between MK-5108 and cisplatin, most of our study focused on the combination with docetaxel. shimomura et al. showed in cervical and ovarian cancer cells that MK-5108 sensitized tumor cells to docetaxel and enhanced apoptosis by concurrent treatment and sequential administration of docetaxel first (shimomura et al. 2010) . We similarly showed that concurrent treatment of MK-5108 and docetaxel synergistically enhanced cell growth inhibition and apoptosis in nsClC cells. In sequential drug experiments, MK-5108 also improved the antitumor activity of docetaxel when docetaxel was administered first in nsClC cells; however, concurrent treatment still exhibited greater sustained growth inhibition. Investigating the molecular mechanisms driving the synergistic interaction between MK-5108 and docetaxel would help to explain the advantage of concurrent treatment over sequential treatment. While dosing and scheduling drug studies are challenging to model in cell lines, we did not note any antagonistic effects attributable to the cell cycle effects of the individual agents that would require pharmacodynamic separation of agents (Davies et al. 2006) .
While there was heterogeneity in cell line response, the selective aurora a kinase inhibitor MK-5108 can, in nsClC cell lines, effectively inhibit proliferation, induce mitotic accumulation and polyploidy, and enhance the antitumor activity of docetaxel. the in vitro results reported prompt the need to evaluate the anticancer activity of MK-5108 in xenograft studies, which may provide a more substantial basis for clinical application. Clinically relevant dose concentrations of MK-5108 were explored, yet further work will be required to determine how best to integrate aurora inhibitors into current treatment regimens in use for lung cancer. the determination of specific biomarkers predictive of clinical benefit for nsClC would be extremely useful to optimize the efficacy of aurora a inhibitors whether as monotherapy or in combination with other drugs.
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